That report aroused controversy because the estimated increase in risk (per unit dose) at relatively low dose levels (less than 30 rads) was about 10 to 20 times greater than would have been expected by extrapolating downwards from somewhat higher doses analysed in previous studies, notably the Japanese atomic bomb survivors (ABCC data).2 Therefore, two independent analyses of essentially the same data by different scientists using different methods were made to see whether our findings could be confirmed.3 4 Both studies essentially confirmed the findings in relation to bone marrow and pancreatic cancers but drew different conclusions.
In 1977 a preliminary analysis' of cancer risks from radiation to workers at the Hanford works, Richland, Washington, indicated a risk for bone-marrow cancers among reticuloendothelial system neoplasms, cancers of pancreas and, to a lesser extent, lung among solid tumours. These risks showed a definite relation to radiation doses of individual workers.
That report aroused controversy because the estimated increase in risk (per unit dose) at relatively low dose levels (less than 30 rads) was about 10 to 20 times greater than would have been expected by extrapolating downwards from somewhat higher doses analysed in previous studies, notably the Japanese atomic bomb survivors (ABCC data). 2 Therefore, two independent analyses of essentially the same data by different scientists using different methods were made to see whether our findings could be confirmed.3 4 Both studies essentially confirmed the findings in relation to bone marrow and pancreatic cancers but drew different conclusions.
Meanwhile we continued analysing the data5 6 and showed that an increase in risk was still observable after simultaneous control for the following factors: sex, age at death, year of death, years worked, and level of monitoring for internal exposure to radioactivity (see below). One paper5 introduced the important concept of concentrating on cancers in tissues that are known (by others) to be sensitive to cancer induction by radiation. In epidemiological studies it is often necessary to subdivide cancers because a particular agent may be inducing some cancers more than others. If this subdivision is done without previous knowledge of tissue sensitivity it will often be necessary to carry the subdivision so far that the subgroups are too small for an adequate statistical test. In the field of cancer induction by radiation this difficulty no longer exists because a wide body of previous experience has shown which tissues are most sensitive.7 8 Previous reports by us1 5 6 and Hutchison et al4 used the methodology of proportionate mortality analysis to relate the proportion of cancers to the cumulative radiation doses. The report by Marks 156 2 Records of these tests but all with negative findings.
3 No record of whole body counts or internal depositions but at least one of the bioassays recorded some radioactivity (positive bioassays). 4 Either definite evidence of internal depositions (225 male workers) or a combination of positive bioassays and whole body counts. Hanford radiation study III Table 2 External radiation doses for four levels of  monitoring for internal radiation   External  Levels of monitoring for internal radiation* Total  radiation in  rads  1  2  3  4   Men   <   0-01 2609  494  87  21  3211  0-01-007 1326  611  149  96  2182  0-08-0-31 1586  1366  376  216  3544  0-32-0-63  894  1019  338  209  2460  0-64-1-27  707  822  523  670  2722  1-28-2S55  321  686  801  1266  3074  2-56-5-11  76  269  325  1064  1734  5-12-10-23  38  96  173  910 To test this hypothesis we needed an index of the hazards of the work (constructed from the occupational data of individual workers without reference to their radiation records) for inclusion among our controlling factors. The census classification of occupations, however, which provides the basis of Hanford work records, is ill-suited for this purpose. So much time-consuming work had to be done before even the records were in a manageable form that we decided to have, as a first approximation to this index, a classification based on the workers' bioassay records (see table 1 ). Why we felt justified in using these records to obtain an indirect measure of the dangerousness of the work performed by individual workers is described elsewhere.6
TESTS OF THE NULL HYPOTHESIS
After deciding what factors to have as essential controls, tests of the null hypothesis (of no radiation effect) were allowed to go forward using the definitions in tables 1 and 3. Inspection of the curves in fig 1 shows that for all values of D, the log-likelihood is higher for E = 0-5 (corresponding to a half-power law for the dose response) than for any other value of E, in particular E = 1-0 (corresponding to a linear dose response). This is interesting because a similar dose response was found in a recent study of uranium miners. The results for this model are as follows.
(1) Non-linearity ofdose-response (E)-A maximum likelihood estimate for E of 0 5 (half power doseresponse law) with E = 1 0 rejected at the 1 % level. (4) Effect ofage on sensitivity to cancer-induction by radiation (S)-Amaximum likelihood estimate of the amount by which age at exposure must increase in order to increase sensitivity by e (that is, the base of natural logarithms) is given by S = 8 years (with equal sensitivity at all exposure ages, or S = oc, rejected at the 1 % level). It is also interesting to compare the estimates of this paper with those from the study of lung cancer in uranium minersl3 since in both studies an approximately square root relationship of effect to estimated exposure was found. It is extremely difficult, however, to compare other parameters of the dose response because the uranium miners' exposure included alpha particles from radon daughters, which have very different linear energy transfer and relative biological effectiveness from the penetrating gamma radiation measured in this study. Thus the main area of disagreement between our second analysis of Hanford data5 (which gave a doubling dose of about 15 rad assuming linearity of dose response) and other human data on the effects of external or penetrating radiation lies in the doseresponse effect and, specifically, the doubling dose which implies an effect about 15 to 20 times greater than earlier estimates.
If, however, the dose-response relationship estimated in this paper, which implies major downward curvature in the iegion of 10 rads, is extrapolated upwards to the dose levels covered in earlier studies-that is, over 100 rems-then it predicts an effect two to three times lower than linear extrapolation. The effect of this is to halve the difference between the two estimates. For the reasons already given the Hanford study cannot separate the greater radiobiological effect of neutrons from the lesser effects of gamma radiation. Therefore, although no precise figure can be given for the neutron effect, one should probably reduce the difference still further and thus be left with an unexplained component of the difference that is only two or three times higher than the earlier estimates.
This difference is sufficiently small enough to be accounted for by increased liability of precancer in general and preleukaemia in particular to latent period deaths. Heightened sensitivity to infections during the terminal phase of cancer latency has recently been confirmed in childrenl5 and is probably a feature of adult cancers also. Therefore, changed reactions to other diseases during the preclinical phase of adult cancers could make all the difference since there is a strong healthy worker effect at Hanford (see above) whereas A-bomb victims were exposed to the aftermath of a catastrophe and the patients with ankylosing spondylitis were at risk of dying from a disease that lowers resistance to respiratory infections.
Thus putting all the data together can give a reasonably consistent explanation of observed differences and resemblances between several surveys. But one discrepancy remains to be accounted forthat is, the prediction that background radiation, amounting to about one-tenth of a rem a year, would (by our estimates of risk) account for more cancers than actually exist. This apparent reductio ad absurdum can be accounted for by three factors. Firstly, progressive increase in sensitivity to cancerinduction by radiation with advancing age means that most of any one person's life-time exposure to background radiation is occurring at relatively insensitive ages. Secondly, long intervals between cancer-induction and death mean that any effects of background radiation will only find expression among individuals who live to an advanced age. Thirdly, the assumption that each death from cancer has only one cause is certainly an over-simplification. The method of calculation used in this paper is such that if, for example, radiation worked jointly with other chemicals to produce lung cancer, then radiation would have contributed to the risk even in the presence of a sufficient cause-namely, excessive smoking. In fact, smoking was not measured in Hanford data, but for other industrial chemicals there are records that we hope will be incorporated in later analyses.
Since lung cancers account for a high proportion of radiosensitive cancers a further word should perhaps be said about the possibility of smoking being an interfering factor. As mentioned above, there is no record of the smoking histories of Hanford employees. It is hardly surprising that this item was not included in the workers' medical records when the plant was first set up in 1943, since on-site smoking was strictly prohibited. By 1964, when an epidemiological study of this population was first promulgated, it was too late to obtain off-site smoking habits from workers who had left the industry. But although we are not in a position to observe any joint effects of radiation and smoking it is still possible that off-site smoking was correlated with the radiation exposures. This remote possibility has been tested in a preliminary fashion by measuring the association between radiation exposures and deaths from chronic respiratory diseases other than cancer (which should include most non-cancer deaths with smoking associations).6 This test showed no statistically significant evidence for the postulated association.
Mention should be made at this point of the different treatments of exposure age in this paper and one by Gofman.16 We conclude that within work cohorts defined by hire age (and other controlling factors) the effect of a given yearly dose of radiation is greater at high exposure ages. Gofman did not have data on individual yearly doses but only on the total amount of radiation received by each worker. Consequently, he was forced to define exposure age in terms of hire age. Therefore, what he has noticed is that, as between different hire ages, the effect of radiation is greatest in the youngest age groups. Kneale, Mancuso, and Stewart This conclusion may well be correct, but it is of doubtful relevance to the problem of when-that is, at what age-radiation has its greatest effect, since, in the Gofman analysis, there could be any number of confounding variables, including the fact that a high dose and a long period of employment usually requires entry to the industry at an early age.
Finally, although we have shown the importance of controlling for internal monitoring levels when testing for external radiation effects, it should be noted that extensive monitoring of Hanford workers identified only 225 men with definite evidence of internal radiation (see footnote to table 1). This sample is clearly too small for measuring any health effects of internal radiation. An earlier analysis, however, found that apparent effects from external contamination (disclosed by monitoring for internal radiation) were much less after controlling for external radiation than in a crude analysis.5 Therefore, we may safely assume that, compared with external radiation, any cancer effects of internal radiation were very small.
Appendix REGRESSION MODELS IN LIFE-TABLES
A life-table contains information on individuals exposed to various treatments and followed up for several years. A characteristic feature is that the final fate of some individuals is not known-that is, their survival time is censored and all that is known is that they were alive at the end of follow-up. A crucial assumption is that this censoring time is statistically independent of the final fate, whatever it may be.
The question at issue is whether the survival curves differ between treatments. In the seminal paper by Cox"1 only one kind of ultimate fate was considered; in other words, if an individual was not alive at the end offollow-up any cause of death was considered of interest. The present problem differs in that only cancers are supposed a priori to be susceptible to radiation induction, so two kinds of ultimate fate, cancer and non-cancer, must be considered. The probability of non-cancer is assumed independent of any radiation, and if the plausible assumption is made that the probability of censoring is also independent of radiation (though it will obviously depend on other treatment factors such as work cohort) then the censored and non-cancers can be considered together, which greatly simplifies the statistical analysis.
Because the data give the radiation doses in yearly exposures and not more finely divided it is convenient to work in discrete time units of one year. The basic method is to divide the data into a large number of treatment subgroups (480 in the present paper) by the cross-classification of non-radiation controlling factors. The survival curve of cancers in each subgroup in the absence of radiation is considered arbitrary and estimated by maximum likelihood. The survival curve in the presence of radiation is assumed related to that in its absence by a simple regression model whose parameters can then be estimated by maximum likelihood.
DERIVATION OF LIKELIHOOD FORMULA
Let the data be divided into G subgroups indexed by g. Let the follow-up years be indexed by i and j. Let there be K individuals indexed by k. Let individual k be in subgroup Gk and be followed up to year Ik. Let ak be one if individual k dies of cancer and zero otherwise. Let bk be one if individual k dies of noncancer or is censored and zero otherwise. Let AA (i, g) be the probability of dying from cancer in subgroup g and follow-up year i. Let AB (i, g) be the corresponding probability of dying from non-cancer or of being censored.
is the probability of surviving year i in subgroup g. Let Xki be the radiation dose of individual k in year i. Let Xk be a vector of length Ik containing these doses. Let the model of radiation effects be that the relative risk of cancer for individual k in year i is increased by the factor (1 + E(Xk, i)) where E is a simple function specifying the model. For Since by year i the doses for years less than i and consequently E(xk, i) and also Rig are all fixed, the only term inthe log-likelihood that actually depends on any connection between the doses and the number of 164 group.bmj.com on July 7, 2017 -Published by http://oem.bmj.com/ Downloaded from cancers is 2{f ln[l + E(Xk, i)]} and consequently ig kEAig by sufficiency arguments the difference between two such terms is the optimum statistic for testing which of two fully specified models, corresponding to two forms for E, is the better fit. If the null hypothesis of no radiation effect is true the function E and the term it specifies are both identically zero, and so the term corresponding to the model of some effect is the optimum test of that model compared to the null hypothesis. For 
